Acetlycholine is involved in the control of airway smooth muscle constriction and in recruitment of inflammatory cells via neuronal and paracrine effects on muscarinic type 3 receptors. Long acting muscarinic antagonists (LAMA) are well established in guidelines for COPD but are not currently licensed for use in asthma. There are emerging data from key clinical trials to show that LAMA may confer bronchodilator effects and improved control when used in addition to inhaled corticosteroid (ICS) alone or in conjunction with long acting b-adrenoceptor agonists (LABA). Further studies in persistent asthmatic patients are required to evaluate ICS sparing effects of LAMA looking particularly at airway hyper-responsiveness and surrogate inflammatory markers, in addition to evaluation of possible synergy between LAMA and LABA when given together. Future possible development of combination inhalers comprising ICS/LAMA or ICS/LAMA/LABA will require long term studies looking at asthma control and exacerbations in both adult and paediatric patients.
Acetlycholine is involved in the control of airway smooth muscle constriction and in recruitment of inflammatory cells via neuronal and paracrine effects on muscarinic type 3 receptors. Long acting muscarinic antagonists (LAMA) are well established in guidelines for COPD but are not currently licensed for use in asthma. There are emerging data from key clinical trials to show that LAMA may confer bronchodilator effects and improved control when used in addition to inhaled corticosteroid (ICS) alone or in conjunction with long acting b-adrenoceptor agonists (LABA). Further studies in persistent asthmatic patients are required to evaluate ICS sparing effects of LAMA looking particularly at airway hyper-responsiveness and surrogate inflammatory markers, in addition to evaluation of possible synergy between LAMA and LABA when given together. Future possible development of combination inhalers comprising ICS/LAMA or ICS/LAMA/LABA will require long term studies looking at asthma control and exacerbations in both adult and paediatric patients.
The unmet need in asthma management
Current guidelines for asthma management advocate the use of inhaled corticosteroids (ICS) as first line antiinflammatory therapy at step 2, followed at step 3 by either increasing the dose of ICS or the addition of a second line controller with a long acting b-adrenoceptor agonist (LABA) to achieve sustained bronchodilatation, usually as single ICS/LABA combination inhaler [1]. Short acting muscarinic antagonists (SAMA), such as ipratropium, are presently used as high dose nebulized reliever therapy in acute severe asthma, taken in conjunction with short acting b-adrenoceptor agonists (SABA), such as salbutamol. A Cochrane review found no evidence to support the routine use of SAMA for patients whose asthma is not well controlled on standard therapy [2] .
Long acting muscarinic antagonists (LAMA) while well established in COPD guidelines are not currently licensed for asthma [3] . Currently available LAMAs include the long established tiotropium, as well as the newer drugs, namely aclidinium and glycopyrronium, all of which are presently licensed for use in COPD.
The aim of using regular LABA as a second line controller is to stabilize airway smooth muscle and hence improve asthma control and reduce exacerbations, while at the same time allowing the use of lower doses of ICS. However in one study, only 41% of patients achieved total asthma control and 71% became well controlled when treated with ICS/LABA combination, suggesting an unmet therapeutic need [4] . Chronic use of ICS/LABA is accompanied by pharmacological adaptation involving down-regulation and uncoupling of b2-adrenoceptors (b2ADR), in turn producing sub-sensitivity of response, also known as tachyphylaxis [5] . This manifests as loss of protection against a variety bronchoconstrictor stimuli as well as cross sub-sensitivity to acute reliever therapy with salbutamol [6, 7] . Indeed clinical studies have shown that airway inflammation and associated asthma control may become worse when adding LABA to ICS [8] [9] [10] [11] . In approximately 15% of genetically susceptible individuals who possess the homozygous arginine-16 b2ADR polymorphism, the degree of sub-sensitivity of response is more pronounced, such that regular ICS/LABA may result in increased airway hyper-responsiveness (AHR) and associated worsening of control [12] [13] [14] [15] [16] , although in such patients the long term bronchodilator response appears to remain preserved [17, 18] . The United States Food and Drug Administration (FDA) in turn after carefully reviewing the available evidence recommended that LABA should not be given for long term therapy even in combination with ICS, and that where possible patients should step down to ICS alone [19, 20] . In particular the role of LABA in asthmatic children has come under close scrutiny by the FDA given the paucity of evidence for their efficacy. Against this background of concern regarding LABA, there is an unmet need for an alternative long acting bronchodilator agent for use as add on therapy to ICS alone or ICS/LABA to improve control at steps 3/4 of current guidelines.
The purpose of this article is therefore to review the emerging clinical evidence for use of LAMA in asthma when used in addition to ICS and ICS/LABA.
Pharmacology of long acting muscarinic antagonists
A detailed review of the basic pharmacology of muscarinic antagonists is given elsewhere [21] . In brief the normal airway tone is maintained as a balance of dilatation by stimulation of airway smooth muscle b2ADR by adrenaline and constriction by stimulation of muscarinic receptors by acetylcholine (Figure 1 ). The effects of acetylcholine are mediated via post-junctional M3 receptors resulting in smooth muscle constriction, as well as via pre-junctional M2 auto-receptors which results in reduced release of acetylcholine, thus effectively acting as a brake to cholinergic 
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Figure 1
In humans there is no direct sympathetic innervation of the smooth muscle, but b2ADR (b2) are available to circulating adrenaline. Pre-synaptically the sympathetic nerves lie close to the parasympathetic system and are thought to influence b2ADR here. It is thought both b2ADR and M2 receptors are inhibitory to the release of acteylchoine (ACh) and that there is crosstalk between these receptor types (broken line). The M2 receptor is stimulated by ACh to reduce further ACh secretion. This M2 autoreceptor is thought to be defective in asthma and in response to viruses, hence this negative feedback is lost and there is increased airway hyperreactivity (AHR). Post-synaptically the muscarinic M3 receptor is the main parasympathetic bronchoconstrictor mechanism. Although post-synaptic M2 receptors are present their role is to prolong M3 initiated bronchoconstriction by opposing the actions of b2ADR. Hence the same receptors may have different actions pre-and post-synaptically exerting independent effects on AHR and airway tone respectively transmission, i.e. a negative feedback loop preventing over-stimulation of post-junctional M3 receptors [22] . Hence LAMA such as tiotropium which preferentially block M3 receptors, avoid the potential problem of increased prejunctional acetylcholine release associated with SAMA such as ipratropium, which is less selective blocking both M2 and M3 receptors. Other LAMA such as aclidinium and glycopyrronium also exhibit prolonged exhibit M3 selective blockade. Moreover there is cross talk between M2 receptors and pre-junctional b2ADR, with the latter also acting as a brake towards acetylcholine release. This explains why blockade of b2ADR results in unopposed increased cholinergic transmission, airway constriction and associated increased AHR. Hence muscarinic antagonists may be used prevent acute bronchoconstriction due to b2ADR antagonism with propranolol in asthma [23, 24] . It is also perhaps conceivable that muscarinic antagonists might in a similar fashion also prevent the adverse adaptive response to chronic exposure with LABA, where down regulation of pre-junctional b2ADR could augment cholinergic transmission, i.e. a potential synergistic effect between LAMA and LABA in asthma.
In addition in vitro studies have shown that acetylcholine plays an important role in mediating inflammatory cell chemotaxis and activation, as discussed in detail elsewhere [25] . In brief, acetylcholine may be released neuronally or secreted in paracrine fashion from inflammatory cells as well as airway epithelium, in response to a variety of trigger factors such as cigarette smoke, viruses or allergens. A number of inflammatory cytokines including interleukin 6 and 8, as well as leukotriene B4 are produced which may produce chemotaxis and inflammatory cell activation. Activation of signalling pathways such as extracellular-signal-regulated kinase 1/2 and nuclear factor kappa B, mediates these effects via M3 receptors expressed on airway smooth muscle and epithelial cells. This in turn suggests a potential role in asthma for LAMA such as tiotropium as novel anti-inflammatory agents in addition to their known bronchodilator actions by relaxing airway smooth muscle.
Key clinical trials
This section will focus on key chronic dosing studies with LAMA where the primary diagnosis is asthma rather than COPD. To date the key clinical trials with LAMA (as tiotropium) have focused at step 3/4 of current guidelines for use as add on therapy to ICS alone or ICS/LABA, as summarized in Table 1 . These trials were primarily driven by requirements for regulatory submission and as such were powered on bronchodilator sensitive outcomes such as forced expiratory volume in 1 s (FEV1) or peak flow (PEF).
LAMA or LABA as add on to ICS
In a three way crossover study in 210 poorly controlled asthmatics aged 42 years, Peters et al. [26] examined the effects of adding in salmeterol 100 mg daily or tiotropium 18 mg daily (via Handihaler) vs. doubling the dose of extra fine HFA-beclometasone over 14 weeks, after an initial run-in period on 160 mg daily, in asthmatic patients with a mean FEV1 of 71.5% and mean salbutamol reversibility to salbutamol and ipratropium of 14.9% and 12.4%, respectively. For the primary outcome of morning PEF there was significant superiority with adding tiotropium over The effect of adding tiotropium (TIO) on FEV1 in all studies was less than the minimal important difference (MID) of 0.23 l, and on asthma quality of life questionnaire (AQLQ) was less than MID of 0.5. XO, crossover; PG, parallel group. Duration of treatment shown in weeks. TIO5/10 mg refers to dose via fine mist Respimat device, while TIO18 mg refers to dose via dry powder Handihaler device. Reversibility is the % change in FEV1 at baseline after salbutamol/ipratropium. The tiotropium effect is shown as the difference in FEV1 compared with either inhaled corticosteroid (ICS) or inhaled corticosteroid with long acting b-adrenoceptor agonist (ICS/LABA). Values for FEV1 are shown as means (95% CI): *P < 0.05, **P < 0.01,***P < 0.001, NS: not significant.
doubling the dose of HFA-beclometasone, amounting to a mean difference of 26 l min -1 , as well as non-inferiority vs. salmeterol with a mean difference of 6 l min -1 . For the secondary end point of FEV1, mean differences with the addition of tiotropium were significantly improved by 0.10 l vs. twice the dose of HFA-belcometasone and by 0.11 l vs. adding salmeterol. Similar results were observed for secondary outcomes including asthma control questionnaire and asthma quality of life score. One could argue that the primary outcome of PEF is more sensitive to effects on airway smooth muscle rather than inflammation, and since patients were bronchodilator reversible at baseline, it is perhaps hardly surprising that both salmeterol and tiotropium were superior to doubling the dose of HFA-beclometasone. Inflammatory surrogates including exhaled breath nitric oxide and sputum eosinophils were both low at baseline and thereafter with randomized treatments.
Bateman and coworkers [27] took this concept one step further by evaluating add on therapy in parallel groups with salmeterol 100 mg or tiotropium 5 mg daily (via Respimat) or placebo for 16 weeks in a cohort of 388 genetically susceptible asthmatics possessing the homozygous arginine-16 b2ADR polymorphism who were not controlled on ICS alone, aged 43 years, with mean FEV1 of 68% and reversibility of 26% after ipratropium 80 mg and salbutamol 400 mg. Essentially the primary outcome of PEF deteriorated on placebo but was maintained with both active treatments, with the difference being significant. There was non-inferiority for morning PEF with a mean difference of 21 l min -1 when comparing salmeterol or tiotropium vs. placebo, along with 0.11 l and 0.09 l mean differences in FEV1 respectively vs. placebo. Asthma symptom free days and asthma quality of life score were also significantly improved by salmeterol but not tiotropium vs. placebo, although differences between treatments were not significant.
The only study to have evaluated add on effects of tiotropium on AHR was in 18 mild to moderate persistent asthmatics taking ICS at a beclometasone equivalent dose of 440 mg daily. Histamine challenge was performed after 4 weeks of tiotropium plus ICS and then after a further 2 weeks of ICS alone, analyzed as part of the placebo arm of a study looking at effects of propranolol on AHR [24] .There was no significant bronchoprotection conferred by the addition of tiotropium to ICS, amounting to a mean difference of 0.12 doubling dilution in the histamine provocation concentration to produce a 20% fall in FEV1 (PC20). There was a small but significant improvement in prechallenge FEV1% when comparing tiotropium plus ICS vs. ICS alone (4.8% difference), but not for post-challenge FEV1 (2.3% difference).This is also in keeping with an acute dose ranging study with ipratropium where the bronchodilator effects were not accompanied by commensurate improvements in histamine PC20 [28] . However in the antigen sensitized rodent model, tiotropium has been shown to attenuate the late phase allergen response, suggesting a possible role of M 3 receptors in mediating sensory nerve inhibition [29] .
LAMA as add on to ICS/LABA
The first proof of concept study by Fardon et al. [30] was in 18 non-smoking severe persistent asthmatics aged 54 years, FEV1 51%, salbutamol reversibility 22.6% and ipratropium reversibility 17.6%. After an initial run-in period on fluticasone 1000 mg daily, patients were then treated in randomized crossover fashion for 4 weeks having stepped down to half the dose of fluticasone (500 mg daily), with either the addition of both salmeterol and tiotropium (i.e. triple therapy with fluticasone/salmeterol combination 500/100 mg daily + tiotropium 18 mg daily) or the addition of salmeterol alone (i.e. double therapy with fluticasone/ salmeterol combination 500/100 mg daily + placebo).There was a small but significant improvement in FEV1 of 0.17 l (6.8% predicted) and significantly reduced exhaled breath nitric oxide in response to triple therapy but not double therapy, as compared with baseline with twice the dose of fluticasone alone. Domiciliary morning PEF significantly increased on both randomized treatments compared with baseline, with no difference between the improvements seen with double (41 l min -1 ) and triple (55 l min -1 ) therapy, while there were no significant differences between treatments in asthma quality of life scores. While the change in FEV1 was less than the minimal important difference (MID) of 0.23 l, the change in PEF exceeded the MID of 19 l min -1 [31] . In addition at baseline acute sequential reversibility to salbutamol/ipratropium was evaluated while taking fluticasone 1000 mg, such that the FEV1 after salbutamol 400 mg was greater than while taking fluticasone/ salmeterol 500/100 mg, and after salbutamol 400 mg/ ipratropium 80 mg was significantly greater than while taking fluticasone/salmeterol 500 mg/100 mg plus tiotropium 18 mg, amounting to mean differences of 9% predicted and 13.7% predicted, respectively.
A further two larger pivotal step 4 studies have been performed looking at the concept of triple therapy. In the first of these by Kerstjens et al. [32] , 107 patients aged 55 years of whom 36% were ex-smokers, were evaluated with severe uncontrolled asthma despite ICS/LABA therapy, being randomized in crossover fashion to receive add on with either placebo, tiotropium 5 or 10 mg daily (via Respimat) for 8 weeks each. Mean FEV1 was 51% predicted with mean salbutamol reversibility of 14%. For the primary end point of peak FEV1 there was no difference between 5 mg and 10 mg doses of tiotropium, which were both significantly superior to placebo, with respective mean differences of 0.14 l and 0.17 l, while mean values for trough morning PEF were significantly higher with tiotropium 10 mg than 5 mg at 15 l min -1 vs. 8 l min -1 , respectively. Moreover there were no significant improvements at either dose in asthma quality of life score or asthma diary cards.
The second study by Kerstjens et al. [33] involved a composite analysis of two parallel group trials in 912 patients with severe uncontrolled asthma aged 53 years, FEV1 55%, 15% salbutamol reversibility, of whom 24% were ex-smokers, who were randomized to receive tiotropium 5 mg daily (via Respimat) or placebo for 48 weeks as add on to pre-existing ICS/LABA. For the two co-primary pulmonary function end points after 24 weeks, there was significant superiority of peak and trough FEV1 amounting to respective mean overall differences (i.e. mean values for trials 1 and 2) of 0.12 l and 0.10 l, along with a 22 l min -1 improvement in morning PEF. For the third co-primary end point there was also a significant 21% overall reduction in risk of a severe exacerbation over the 48 weeks, while changes in asthma control questionnaire and quality of life score were both less than the minimal important difference of 0.5 units. One could argue that the subgroup of smokers may have had COPD with an asthmatic component, although in practice treatment would effectively be the same irrespective of the diagnosis. The management of asthmatic smokers poses particular therapeutic challenges, as like patients with COPD they tend to be relatively resistant to ICS even at high doses, but are more responsive to LABA [34, 35] . Thus the use of triple therapy with ICS/ LABA/LAMA in asthmatics who smoke may be a logical option and warrants further investigation of this particular phenotype.
Adverse effects
In terms of safety the largest study used tiotropium Respimat 5 mg over 48 weeks [33] , where drug related anticholinergic adverse effects were seen in 25/456 patients (5.7%) in the tiotropium group compared with 21/456 (4.6%) in the placebo group, with dry mouth in eight (1.8%) and three (1.7%) patients, and cardiac events in two (0.4%) and one (0.2%), respectively. There were no differences in heart rate, blood pressure or electrocardiographic abnormalities between groups. Some concerns have been raised regarding a possible increase in cardiac toxicity with tiotropium via the Respimat device, mostly on the basis of data trawling from meta-analysis in COPD patients where mortality was not the primary outcome [36] .
Moreover in terms of biological plausibility there appears to be no rationale for the disconnect between the apparent increased mortality with tiotropium via the fine mist Respimat on the one hand but reduced mortality with tiotropium via the dry powder handihaler on the other, since the Respimat 5 mg actually has 24% lower systemic bioavailibility (as AUC0-6h) than the Handihaler 18 mg at steady state in patients with COPD, when comparing the devices at commonly used therapeutic doses [37] . If tiotropium were inherently cardiotoxic at current therapeutic doses, then one would expect to see some increase in mortality signal in real life even with the dry powder inhaler due to systemic exposure, as in susceptible hypoxic COPD patients with concomitant cardiovascular disease due to smoking. For example in a real life study of 2853 patients with COPD aged 68 years, FEV1 51% who were followed up over a mean period of 4.65 years, the addition of tiotropium mostly via Handihaler (as ICS/LABA/LAMA) actually produced a 35% reduction in all cause mortality, pointedly with 47% of patients exposed to tiotropium having concomitant cardiovascular disease along with a reduced mean oxygen saturation of 91% indicating hypoxaemia [38] . No such long term follow up data on mortality are currently available on the other newer LAMA in COPD, such as with aclidinium or glycopyrronium. It is conceivable that aclidinium might confer a superior systemic safety profile since it is rapidly metabolized in plasma resulting in a short half-life [39] . However in the setting of asthma where patients tend to be younger non-smokers without cardiovascular disease, any concerns about potential cardiotoxcity from tiotropium are much less relevant.
Conclusions and the way forward
To appraise properly the clinical relevance of these pivotal studies with tiotropium, one has to consider the results for the main outcomes in the context of the minimal important difference (Table 1 ). All of the trials have shown small improvements in FEV1 which were less than the MID of 0.23 l [31] , inferring that the bronchodilator effects while statistically significant were not particularly clinically relevant. Furthermore these studies all showed changes in quality of life or asthma control questionnaire scores which were less than the minimal important difference of 0.5 units for both outcomes [40, 41] . Thus it is hard to explain the 21% reduction in severe exacerbations in the study of Kerstjens et al. [33] purely on the basis of such small improvements in airway caliber per se, perhaps invoking anti-inflammatory activity with tiotropium [42] .
Assessment of AHR was not performed in any of the key studies in severe asthma presumably because it was precluded on safety grounds by the baseline FEV1 being less than 60% in a large proportion of enrolled patients. In one study no significant bronchoprotection against histamine challenge was observed with chronic dosing of tiotropium in ICS treated mild to moderate asthmatics, despite a significant improvement in pre challenge FEV1 [24] .This needs to be put in the context of previous studies which have shown that chronic dosing with ICS/LABA produces loss of bronchoprotection due to sub-sensitivity of response [43, 44] , or even a worsening in AHR in susceptible asthmatics possessing the arginine-16 genotype [12, 13] . Perhaps in future trials using a lower provocation threshold such as a 10% fall in FEV1 might be possible, for example using an abbreviated mannitol bronchial challenge, which might be applicable in trials with more severe asthmatics [45, 46] . The apparent lack of effect of SAMA or LAMA on AHR may merely reflect the type of challenge as histamine acts directly on airway smooth muscle, while indirect acting Long acting muscarinic antagonists in asthma agents such as mannitol and AMP act via release of inflammatory mediators. In other words using a challenge agent which more closely reflects the underlying asthmatic inflammatory process may be more likely to detect a signal with LAMA therapy. Further placebo controlled studies are therefore indicated to evaluate effects of LAMA on AHR, for example using mannitol challenge when compared with LABA as add on therapy to ICS or ICS/LABA. Indeed such airway stabilization activity of LAMA might confer protection against exacerbations, as has been already been shown with LABA.
Only two clinical studies have to date evaluated surrogate airway inflammatory markers. In the study of Peters et al.where exhaled breath nitric oxide was performed [26] , values at baseline were already suppressed by ICS during run-in, such that any further reductions conferred by tiotropium were also of small magnitude and unlikely to be clinically relevant. A small but significant fall in nitric oxide was reported by Fardon et al. [30] when tiotropium was added to ICS/LABA. One possibility might be to look at the corticosteroid sparing activity of adding LAMA vs. placebo during tapered ICS step down, using mannitol challenge, nitric oxide and other non-invasive inflammatory surrogates [46] . This type of design might be able to demonstrate in vivo anti-inflammatory activity conferred by LAMA, in keeping with in vitro observations [25] . Such in vivo anti-inflammatory activity conferred by LAMA might help explain the apparent disconnect between the small improvements and FEV1 and the reduction in exacerbations with tiotropium, when used as triple therapy [42] . In this regard it has been shown that repeated inhalations of methacholine, a muscarinic receptor agonist, may result in biopsy changes of airway remodelling without producing eosinophilic inflammation in asthmatic patients [47] . This in turn suggests the possibility that long term prevention of bronchoconstriction by LAMA may prevent airway remodelling, in keeping with the observed inhibitory effect of tiotropium in the murine and guinea pig models of antigen induced chronic asthma [48] [49] [50] .
Another pharmacological mechanism might invoke a protective effect of tiotropium due to blockade of augmented cholinergic transmission due to down regulation and uncoupling of pre-junctional b2ADR from prolonged LABA stimulation, which normally acts as a cholinergic brake. Moreover as acetylcholine acts via M3 receptors to promote b2ADR uncoupling via protein kinase C phosphorylation, LAMA might also prevent against LABA induced subsensitivity [51] . These mechanisms might infer potential synergism between LAMA and LABA, perhaps also when given with ICS as triple therapy. Hence, it is possible that concomitant administration of LAMA might confer relative protection against potential adverse effects due to LABA exposure. As triple combination inhalers (i.e. ICS/ LABA/LAMA) are currently in development for both asthma and COPD, further studies may provide interesting insights into the role of acetylcholine in the pathophysiology of persistent asthma. In the context of asthma, unlike COPD, there will be no place for dual LAMA/LABA combination inhalers unless given in conjunction with a separate ICS inhaler.
